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Large, well-ordered 2-D crystals of the dodecylmalto-
side complex of the Neurospora crassa plasma mem-
brane H+-ATPase grow rapidly on the surface of a
polyethylene glycol-containing mixture similar to that
originally developed for growing 3-D crystals of this
integral membrane transport protein. Negative stain
electron microscopy of the crystals shows that many
are single layers. Cryoelectron microscopy of unstained
specimens indicates that the crystals have a p6 layer
group with unit cell dimensions of a = b = 167 A.
Image processing of selected electron micrographs has
yielded a projection map at 10.3 A resolution. The
repeating unit of the ATPase crystals comprises six
100 kDa ATPase monomers arranged in a symmetrical
ring. The individual monomers in projection are shaped
like a boot. These results provide the first indications
of the molecular structure of the H+-ATPase molecule.
They also establish the feasibility of precipitant-induced
surface growth as a rapid, simple alternative to conven-
tional methods for obtaining 2-D crystals of the integral
membrane proteins useful for structure analysis.
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Introduction
The Neurospora crassa plasma membrane H+-ATPase is
one of the most thoroughly studied members of the P-type
transport ATPase family, so-named for the participation
of an aspartyl-phosphoryl-enzyme intermediate in the
catalytic cycle (Pedersen and Carafoli, 1987). The primary
structure of H+-ATPase has been determined (Addison,
1986; Hager et al., 1986) and, based on this information,
eight to 12 hydrophobic, membrane-spanning helices have
been predicted (Addison, 1986; Hager et al., 1986; Rao
et al., 1988). A great deal of information is also available
regarding the biochemical properties of this enzyme, which
are described in several reviews (Goffeau and Slayman,
1981; Nakamoto and Slayman, 1989; Scarborough, 1992).
Moreover, a highly effective expression system for per-
forming site-directed mutagenesis of selected residues in
the H+-ATPase molecule has been developed recently
(Mahanty et al., 1994), and it can therefore be expected
that new information on the function of this transport
molecule will be forthcoming in the near future.
To complement this growing body of information, an
understanding of the structure of the H+-ATPase molecule
will be needed to delineate the molecular mechanism by
which this transporter catalyzes ATP hydrolysis-driven
proton translocation. To this end, an approach for obtaining
large, single three-dimensional (3-D) crystals of the
dodecylmaltoside (DDM; Boehringer, Mannheim, Germany)
complex of the H+-ATPase using polyethylene glycol as
a precipitant was developed recently (Scarborough, 1994).
We also investigated the possibility that thin 3-D, or even
2-D, H+-ATPase crystals might be present in mixtures
similar to those used to grow the 3-D crystals. The results
immediately revealed the presence of thin 3-D ATPase
crystals in the drops. More interestingly, it was then found
that large, 2-D crystals of H+-ATPase form on the surface
of such crystallization drops. In this study, the nature of
these surface crystals of H+-ATPase is explored by electron
microscopy techniques, and the 2-D structure of the H+-
ATPase is reported.
Results and discussion
Formation of surface crystals
2-D crystals of the H+-ATPase form within -10-30 min
on the surface of the crystallization drops. Figure 1 a shows
an electron micrograph of negatively stained surface
crystals in the early stages of formation. Large numbers
of circular particles with a uniform diameter of -160 A
can be seen, showing a clear tendency to aggregate into
hexagonal lattices. Figure lb shows the surface crystals
of the H+-ATPase a few minutes later; 2-D lattices with
a staining intensity similar to that of the individual circular
particles can be seen. Figure lb also indicates that the
crystals have a tendency to fracture when transferred onto
carbon film, as displayed by numerous complementary
fragments. Unbroken 2-D crystals (Figure 1 c) occasionally
curl up at the edges so that the layers are seen edge on
as lines of particles with a thickness of -100 A, indicating
that they are single layers of H+-ATPase molecules.
The formation of 2-D crystals on the surface of the
crystallization drops was unexpected. Usually the 2-D
crystallization of membrane proteins requires lipids which
combine with the proteins into membrane-like sheets,
providing a favorable environment for the hydrophobic
portion of the protein (Kuhlbrandt, 1992). Since the H+-
ATPase solution contains little if any lipid, the 2-D crystals
of proton ATPase must be of a type which differs from
that of most other membrane proteins in that it does not
contain a lipid bilayer. Instead, the crystals probably
consist of protein-DDM complexes in which the hydro-
phobic part of the protein is shielded by a detergent, just
as in 3-D crystals of membrane proteins. This would
account for their greater fragility compared with other
2-D crystals of membrane proteins which are held together
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Fig. 1. Electron micrographs of the precipitant-induced 2-D surface
H+-ATPase crystals. (a) Incipient crystallization. H+-ATPase hexamers
are seen as individual circular particles which coalesce into small
crystalline patches on the surface of the crystallization drops.
(b) 2-D H+-ATPase crystals at a later stage of formation. The crystals
are larger but numerous fracture lines are apparent in this particular
specimen. (c) Large unbroken 2-D crystals of H+-ATPase. The
partially curled edges reveal that the crystalline sheets are single
layers. (d) Unstained frozen-hydrated 2-D crystals of H+-ATPase.
Stain in (a) and (b), 2% uranyl acetate; in (c), 2% uranyl acetate
containing 0.1I% Triton X-100. Scale bars = 100 nm.
largely by hydrophobic interactions and hence are more
tenacious.
Projection maps
Figure ld shows an electron micrograph of an unstained
2-D crystal of the H+-ATPase viewed by electron cryo-
microscopy. For H+-ATPase structure analysis, several
hundred images similar to that shown in Figure 1d were
assessed for their optical diffraction quality to identify the
most highly ordered areas. These were consistently found
on images of carbon-backed specimens, rather than on
standard unbacked vitrified samples. Optical diffraction
indicated reflections to -18 A. The five best images were
then analyzed further by computer image processing.
Upon correction of lattice distortions, the images yielded
amplitudes and phases extending to 10.3 A resolution.
Figure 2 shows the Fourier transformation of one of the
best distortion-corrected images of a 2-D surface
H+-ATPase crystal. Reflections are visible to -10 A
resolution.
Fig. 2. Plot showing the Fourier transformation of an image of a 2-D
H+-ATPase crystal. The size of the squares indicates a reflection, and
the numbers within them relate to the quality of a spot, with large
squares and low numbers indicating reflections of high signal:noise
ratio, as in Henderson et al. (1986). Concentric lines indicate the zero
positions of the contrast transfer function. Arrows indicate the
direction of the reciprocal lattice vectors h and k. The edge of the plot
corresponds to a resolution of 10.0 A.
Figure 3a is a p6 (6-fold symmetry imposed) projection
map of the ATPase crystals at 22 A resolution. This map
shows that the circular particles seen in Figure 1 consist
of six individual, roughly boot-shaped, dense regions
arranged in a ring with an area of lower density in the
center. Figure 3b shows a pl (no symmetry imposed)
projection map of the H+-ATPase at 10.3 A resolution
obtained from a different image. This map indicates that
the molecules in the unit cell are indeed related by 6-fold
symmetry. The most well-defined features of the circular
particles that constitute the repeating unit of the H+-
ATPase crystals are: a nearly continuous outer ring of
moderate density in projection, six symmetrically arranged
regions of high density and an inner ring of lower but
significant density. With confidence that the plane group
of the H+-ATPase surface crystals is p6, the amplitude
and phase data from the five best images were merged
and averaged with this symmetry. The mean error in
comparing the phases of all symmetry-related reflections
extending to 10.3 A resolution was 26.80 (90° would be
random). Table I indicates that the phases are of high
quality to this limit. Figure 3c shows the projection map
computed from the p6-averaged data extending to this
resolution. An outline of one of the boot-shaped regions
from Figure 3a is provided for comparison.
Structure ofW -ATPase
The Neurospora plasma membrane H+-ATPase, as isolated
by the standard purification procedure (Scarborough,
1988), is a hexamer of 100 kDa monomers (Chadwick
et al., 1987). The enzyme appears to remain hexameric
in DDM solution, as suggested by its sedimentation







Fig. 3. Projection maps of the N.crassa plasma membrane H+-ATPase derived by processing images of rapidly frozen 2-D crystals. (a) p6 projection
map derived from an individual image at 22 A resolution. (b) p1 projection map derived from a different image at 10.3 A resolution. (c) 10.3 A
resolution projection map from five images averaged with p6 symmetry. The scale is twice that in (a) and (b). Negative contours are dotted. See text
for details.
Table I. Phase residual of reflections in resolution ranges, showing the
mean deviation of averaged phases from the theoretical value, 0 or
1800 (in this case 450 is random)
Resolution No. of Mean amplitude Mean phase
range (A) reflections (A) error (0)
<23.0 24 87 10.0
23.0-16.3 19 48 15.9
16.3-13.3 15 17 22.1
13.3-11.5 15 16 23.4
11.5-10.3 15 17 27.7
160 A particles seen in Figure 1 and in the projection
maps (Figure 3) are ring-like hexamers of the ATPase,
with each of the boot-shaped regions representing the top
view of one 100 kDa monomer. This conclusion is
supported by the dimensions and shape of monomers
of the closely related Ca2+-ATPase from sarcoplasmic
reticulum (Toyoshima et al., 1993), which are similar
when the molecule is viewed along the membrane normal.
Hexagonal arrays of ring-like particles similar in diameter
and appearance to the Neurospora H+-ATPase hexamers
described here have been found in yeast plasma membrane
(Kuibler et al., 1978) which has a highly homologous H+-
ATPase. This suggests that these ring-like particles consist
of the yeast H+-ATPase and that ATPase hexamers may
form in vivo for a particular, yet unidentified, purpose.
It is too early to interpret the projection map in terms
of secondary protein structure because it includes both
the membrane part and the large hydrophilic part of H+-
ATPase normally located in the cytoplasm (Scarborough
and Hennessey, 1990). It is likely, however, that the
peak density in each of the monomers corresponds to a
projection of part of the head, the stalk and part of the
membrane domain seen in the 3-D map of Ca2+-ATPase
(Toyoshima et al., 1993). The outer ring is probably due
to the large head portion which protrudes above the
membrane.
We are optimistic regarding the prospects for a higher
resolution map of H+-ATPase. The purified enzyme is
widely available and the 2-D surface crystals form rapidly
and reproducibly. The only obvious problem with the
crystals is that they are easily damaged upon transfer to
the electron microscope grids, due to the absence of a
layer of lipids. Once this technical problem is solved, we
anticipate a further improvement in the resolution of the
untilted crystals and shall begin collecting 3-D data on
tilted specimens.
In conclusion, we have presented here a new procedure
for growing large 2-D crystals of the DDM complex
of the Neurospora plasma membrane H+-ATPase. The
crystals form on the surface of a precipitant-containing
mixture originally formulated for the growth of 3-D
crystals. This new type of 2-D crystal of an integral
membrane protein has already yielded a projection map
of the enzyme that extends to 10.3 A resolution; further
improvements in our current methodology are likely to
produce a 3-D structure. This new approach to obtaining
2-D crystals also may be suitable for other integral
membrane proteins.
Materials and methods
Preparation of the DDM-ATPase complex
The N.crassa plasma membrane H+-ATPase was purified as described
(Scarborough, 1988) and stored at -20°C. It was then purified further
and converted into its DDM complex as follows. A solution containing
64 mg of the enzyme protein in a volume of 166 ml was centrifuged at
12 000 g for 30 min to remove the small amounts of non-protein
turbidity that accumulate on storage. The resulting supernatant fluid was
layered over seven step gradients containing 3 ml of glycerol and 6 ml
of 45G [45% (w/v) glycerol, I mM EDTA, 1 mM dithiothreitol and
2 ,ug/ml chymostatin, pH adjusted to 6.8 with Tris] at 4°C. The gradients
were then centrifuged at 265 000 g (riv) for 23 h at 4°C to sediment
and concentrate the ATPase at the surface of the glycerol. Fractions of
the gradients were collected, and the ATPase-containing fractions were
identified on the basis of ATPase activity (Scarborough, 1988). The
ATPase-containing fractions were then pooled and dialyzed against 30G
[as for 45G except with 30% (w/v) glycerol] for 3.5 h at 4°C in 50 000
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molecular weight cut-off dialysis tubing that had been treated with 0.1
mM EDTA, pH 6.8, overnight. The sample was then adjusted to 0.1%
(w/v) DDM by the addition of a 2% stock solution prepared in 30G,
incubated on ice for 30 min, and layered over four 32 ml linear gradients
containing 40-80% (w/v) glycerol, 0.1% (w/v) DDM, 1 mM EDTA,
mM dithiothreitol and 2 tg/ml chymostatin, pH adjusted to 6.8 with
Tris; I ml of glycerol was also present at the bottom of the gradient
tubes. The gradients were centrifuged at 265 000 g for 39 h at 4°C.
They were then fractionated, and the ATPase-containing fractions from
near the bottom of the gradients were identified as above and pooled.
The pooled ATPase fractions were diluted by the addition of an equal
volume of water in small aliquots with steady mixing. The diluted pool
was layered over three 3 ml glycerol/7 ml 45G step gradients as described
above and centrifuged at 265 000 g for 24 h at 4°C. The step gradients
were fractionated and the ATPase-containing fractions, identified as
above, were pooled and stored at -20°C. Half of this ATPase solution
was concentrated -10-fold using a hollow fiber device, as described
previously (Hennessey and Scarborough, 1988). The protein and DDM
contents of the preparation were then determined (Dubois et al., 1956;
Bensadoun and Weinstein, 1976). The protein content of the preparation
was 13.6 mg/ml and the DDM content was 2.9 mg/ml. The sources
of most of the materials used have been described previously
(Scarborough, 1988).
2-D crystallization
To form the 2-D surface crystals of the H+-ATPase, the concentrated
ATPase solution was diluted with 30G and mixed on ice with concentrated
stock solutions of DDM, ammonium sulfate and PEG 4000 in 30G, in
that order, to give a mixture containing I mg/ml ATPase protein, 1.28
mg/ml DDM, 100 mM ammonium sulfate and 10.5% (w/v) PEG 4000
(Fluka) in 30G. The mixture was allowed to stand for 1-2 days at 4°C
and was then centrifuged for 5 min at top speed in a microfuge at 4°C
to remove particulate materials. Drops of the supernatant fluid (10 Id)
were placed on a coverslip and allowed to evaporate for 10-30 min at
4°C, during which time extensive crystalline arrays formed on the
surface of the drops.
Electron microscopy
For negative staining of the ATPase crystals, the surface of the crystalliza-
tion drops was touched with a 400 mesh copper electron microscope
grid coated with a continuous carbon film. The grids were washed with
two drops of a solution of 2% (w/v) uranyl acetate for -30 s and were
then blotted with filter paper.
Electron micrographs of stained or unstained 2-D crystals of the
ATPase were recorded in a JEOL 2000 EX electron microscope at 200
kV acceleration voltage and at electron optical magnifications ranging
from x25 000 to XS0 000 at an electron dose of 2-5 eA-2 and 1 s
exposure time at 0.3-0.6 gm underfocus. The instrument was equipped
with a side-entry twin-blade anticontaminator. Irradiation of the imaged
area was minimized by focusing on the carbon film in an area adjacent
to the crystal using the low-dose facility of the instrument. Micrographs
were developed in full strength D19 (Kodak).
Specimens for electron cryomicroscopy were prepared on 400 mesh
copper electron microscope grids coated with holey carbon film prepared
according to Fukami and Adachi (1965). Grids were floated on the
surface of the crystallization drops immediately after the drops were
placed on the coverslips. With this arrangement, the ATPase crystals
grow in the holes of the carbon film. The grids were then clamped in
the tweezers of a guillotine for rapid freezing of specimens, blotted with
filter paper, injected into liquid ethane as described by Dubochet et al.
(1988), and placed into an Oxford Instruments CT 3500 cryotransfer
specimen holder. For certain grids, the thin film of vitrified buffer
containing the crystals was stabilized by coating with a thin (40-70 A)
layer of carbon. The grid was mounted under liquid nitrogen in the
cryotransfer holder, which was then inserted into a carbon evaporation
unit (designed by R.Wepf, EMBL, Heidelberg, Germany) equipped with
an airlock to receive the holder and a twin-blade anticontaminator. The
specimen temperature did not rise above - 165°C during this process.
Image processing
Negatives of the five best images of the 2-D crystals recorded at
magnifications of X40 000-50 000 were screened by optical diffraction
and areas giving rise to a symmetrical distribution of sharp diffraction
spots were marked for computer processing. The selected areas were
(1982). The best areas were then corrected for distortion of the crystal
lattice (Henderson et al., 1986), using programs written by R.Henderson,
MRC Laboratory of Molecular Biology, Cambridge, UK. Amplitudes
and phases were corrected for the contrast transfer function as determined
by optical diffraction. Projection maps were calculated from amplitude
and phase data with or without imposed symmetry, or from merged data
averaged for p6 symmetry. Certain images, not included in the final
averaged map, were seen to have p622 symmetry. This indicated that
these crystals were not single layers but consisted of at least two p6
layers stacked face to face in register.
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digitized with a Perkin-Elmer 1010 MG flat-bed microdensitometer at a
step size of 10 ,tm corresponding to 1.9 A at the specimen, in 3000X3000
steps. Image processing was carried out as described by Amos et al.
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